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Abstract

The use of non-invasive macroscopic imaging techniques is becoming more prevalent in the field of cultural heritage,
especially to avoid invasive procedures that damage valuable artworks. For this purpose, an X-ray powder diffraction
scanner (MA-XRPD) capable of visualising crystalline compounds in a highly specific manner was recently developed.
Many inorganic pigments present in paintings fall into this category of materials. In this study, the 17th century oil
painting Girl with a Pearl Earring (c. 1665) by Johannes Vermeer was analysed with a combination of transmission and
reflection mode MA-XRPD. By employing this scanner in reflection mode, the relative sensitivity for compounds that
are present at the paint surface could be increased, establishing it as a highly relevant technique for investigating the
degradation processes that are ongoing at paint surfaces. Many of the original pigments employed by Vermeer could
be identified, along with four secondary alteration products: gypsum (CaSO,-2H,0), anglesite (PbSO,), palmierite
(K,Pb(SO,),) and weddellite (CaC,0,-2H,0). The formation of gypsum was linked to the presence of chalk in the upper
glaze layer while the formation of palmierite and weddellite is driven by the presence of lake pigments (and their
substrates). In this manner, MA-XRPD can also be used to pinpoint locations relevant for sampling and synchrotron
U-XRPD analysis, which provides information on the microscopic make-up of the paint. A paint cross-section taken
from an area rich in palmierite was analysed with synchrotron p-XRPD, which confirmed the presence of this second-
ary compound at the interface of the upper paint layer with the ground layer as well as the presence of anglesite

in the ground layer. The capacity of MA-XRPD to identify and chart secondary alteration products in a non-invasive
manner has only very recently been demonstrated and makes it a highly relevant technique for the assessment of the
chemical condition of works of art.
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Introduction

As a master of light and colour, Johannes Vermeer’s pal-
ette was both limited and distinctive. He made extensive
use of the costly pigment ultramarine and used several
red pigments, including vermilion and red lakes [1, 2].
While the original materials and techniques employed by
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Vermeer have been extensively studied, questions remain
about how those materials might have changed since the
work was painted in c. 1665 [3]. Degradation phenomena
can cause binding media, varnish layers and original pig-
ments to undergo chemical and physical transformations,
leading to discolouration or a deterioration of the struc-
tural integrity of the paint material. These processes can
be initiated by internal factors, for example the chemi-
cal interaction of pigments with organic binders, or by
external factors, which can range from environmental
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conditions (humidity and light) to the presence of air-
borne pollutants in museums [4—6].

Current methods to investigate the occurrence of deg-
radation processes of pigments at or below the painting
surface usually require microscopic paint samples to be
taken and prepared as cross-sections. Subsequently these
samples can be analysed with laboratory-based tech-
niques, such as scanning electron microscopy combined
with energy-dispersive X-ray spectroscopy (SEM-EDX)
and Fourier-transform infrared (FTIR) spectroscopy
[7, 8]. Synchrotron-based methods such as microscopic
X-ray powder diffraction (u-XRPD) and X-ray absorption
near edge structure (u-XANES) also have been employed,
for example to reveal the mechanism behind the conver-
sion of red lead to plumbonacrite and to investigate the
degradation of cadmium yellow pigments [4, 9].

A major disadvantage of the aforementioned tech-
niques is that invasive sampling of the original painting
is required: an undertaking that is often not permitted
or limited to locations on the painting that already show
signs of damage. Additionally, relying on a limited num-
ber of micrometric samples to draw conclusions about
the macroscopic composition of a work of art introduces
problems about whether these samples are representa-
tive of a wider area. For these reasons, several mobile
non-invasive macroscopic imaging techniques have been
developed in the past decade. Macroscopic X-ray fluo-
rescence (MA-XRF) has been extensively used to acquire
information about the elemental composition of a paint-
ing [10, 11]. The main limitation of MA-XRF is that it
cannot differentiate between compounds with a simi-
lar elemental but different molecular composition, as is
often the case in degradation processes. More recently, a
macroscopic scanning variant of FTIR in reflection mode
(MA-rFTIR) has been developed, providing information
on the molecular level [12, 13]; however, its application is
often limited to paintings without varnish, since the lat-
ter absorbs most of the infrared radiation. Visible/near
infrared reflectance imaging spectroscopy (RIS) has also
been frequently used for the investigation of oil paintings
and is capable of delivering distribution images based on
molecular features from both organic and inorganic com-
pounds [14, 15].

In recent years, macroscopic X-ray powder diffraction
(MA-XRPD) has also been successfully converted from
a synchrotron-based imaging technique on the micro-
scopic scale to a non-invasive laboratory-based tech-
nique on the macroscopic scale that can be deployed
in situ in transmission mode, providing information on
the bulk composition of the paint stratigraphy [16]. MA-
XRPD was successfully employed in transmission mode
to visualise the different types of chrome yellow used in
Van Gogh’s Sunflowers (1889, Van Gogh Museum) and to
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provide information about the orientation of the needle-
shaped crystals in his brushstrokes [17]. Furthermore,
MA-XRPD has been used to discriminate between pig-
ments applied on the recto or verso side of an illuminated
manuscript by considering the small angular diffraction
shift [18]. Finally, MA-XRPD has also been used in reflec-
tion mode, which is more suitable for superficial analy-
sis, to demonstrate its potential for detecting crystalline
compounds present at or close to the surface of a small
mock-up painting [19] and to visualise degradation prod-
ucts at the paint surface of several flower still life paint-
ings [20].

In this article, MA-XRPD will be employed in reflec-
tion mode to investigate and explain the presence of
secondary alteration products in Vermeer’s iconic paint-
ing Girl with a Pearl Earring (c. 1665, Mauritshuis). The
painting was last examined in 1994 using a combination
of non-invasive technical photography methods (includ-
ing infrared and visual light) and invasive microscopic
techniques (including SEM—-EDX, high-performance liq-
uid chromatography) in order to better understand the
composition of the different paint layers [21, 22]. Given
the advances made in both microscopic and macroscopic
analytical imaging methods since 1994, a new research
project, The Girl in the Spotlight, was initiated. The pro-
ject The Girl in the Spotlight is a Mauritshuis initiative,
and involves a team of internationally recognised special-
ists working within the collaborative framework of the
Netherlands Institute for Conservation, Art and Science
(NICAS), with some scientists from other institutions.
Within this project, the painting was analysed with a
multitude of techniques, including MA-XRE, reflectance
imaging spectroscopy and MA-XRPD.

Materials and methods

Macroscopic X-ray powder diffraction

A laboratory MA-XRPD scanner was used to analyse the
painting Girl with a Pearl Earring. A monochromatic
Cu-K,, (8.04 keV) X-ray source was employed to scan the
painting in reflection mode. Due to geometrical limita-
tions dictated by the dimensions of the X-ray source, a
primary beam impingement angle of 10° relative to the
painting surface was chosen, leading to a beam with an
elliptical footprint of approximately 1 x 0.2 mm? (hori-
zontal x vertical). Low energy X-rays are also more easily
attenuated by the sample, making this manner of scan-
ning more sensitive for investigating superficial degrada-
tion phenomena. The X-ray source (IpS-Cu"®, Incoatec
GmbH, DE) generates a photon flux of 2.9 x 10® pho-
tons s, has a focal diameter of (142 +2) um, a focal dis-
tance of (20+ 1) cm and a divergence of (2.4+0.1) mrad.
The painting was placed at a distance of 20 cm from the
X-ray source, while the distance between the painting
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and 2D diffraction detector was kept at 0.5 cm. A PILA-
TUS 200K detector was oriented at an angle of 40° with
the painting surface.

X-ray fluorescence data was simultaneously acquired
by means of a Vortex-EX silicon drift detector (Hitachi,
JP), positioned with an angle of 45° relative to the XY-
plane of the painting surface. A set of three motorized
stages (25 cm x 10 cm x 10 ¢cm, Newport Corp., US) are
responsible for the movements during the scanning pro-
cedure. The X-ray source, PILATUS 200K detector and
Vortex detector were placed on a motorized platform,
capable of moving the setup in the XZ plane. The artwork
was placed on a motorized easel, capable of moving the
painting in the vertical Y-direction (Fig. 1). To correct for
topographical variations and curvatures on the painting
surface, the Z-motor stage, coupled to a laser distance
sensor (Baumer Hold.,, CH), automatically adjusts the
distance between the X-ray source and the painting sur-
face. Calibration of the setup was performed with a chalk
paint layer on a mock-up canvas.

In reflection-mode an area encompassing the entirety
of the Girl's face (200 x 224 mm?) was scanned with
an exposure time of 10 s per point and a step size of
2 mm x 2 mm. This step size is larger than the actual
beam footprint (1 x 0.2 mm?) but was adopted because
of time constraints. The total scan time for this area was
approximately 35 h.

The diffraction data was processed using the XRDUA
software package and with structural information files
obtained from the American Mineralogist Database [23,
24]. The data was fitted using a whole pattern refinement
procedure. This fitting procedure has been described in
detail elsewhere [18].
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Macroscopic X-ray fluorescence imaging

MA-XRF maps of the entire painting were collected in
two scan sessions using the Bruker M6 Jetstream [11].
The instrument consists of a measuring head equipped
with a 30 W Rhodium-target microfocus X-ray tube,
a polycapillary lens, and a 60 mm? XFlash silicon drift
detector (SDD) with a beryllium window. By slowly mov-
ing the measuring head on the XY motorised stage, the
painting is scanned pixel by pixel. By recording the emit-
ted X-ray fluorescence radiation, the chemical elements
present in the paint can be identified. With the Bruker
M6, only elements heavier than silicon can be detected.
Scans were carried out at 50 kV and a current of 600 pA,
with a 400 um step size, and a dwell time of 125 ms. The
distance between the scanning head and the paint sur-
face was set at ¢. 1 ¢cm, corresponding to an X-ray spot
size of c. 300 um. All data were collected with the Bruker
M6 Jetstream software package. The acquired data cubes
were then exported as raw files, and processed and
stitched using PyMca and the in-house developed Data-
muncher software [25, 26].

Microscopic X-ray powder diffraction imaging

A microscopic paint sample collected from a shadow
tone of the Girl’s face was used to investigate the pres-
ence of secondary alteration products as indicated by
the MA-XRPD analysis. The cross-section was embed-
ded in Technovit 2000 LC mounting resin (Heraeus
Kulzer GmbH, DE) and polished using a sample holder
and Micromesh sheets up to grade 12,000 (Micro-Surface
Finishing Products Inc., Wilton, Iowa, USA). A Zeiss
Axio Imager.A2m microscope equipped with a Zeiss Axi-
oCam MRc5 digital camera was used to examine the pol-
ished cross section, prior to SEM—EDX analysis.

Motorized
stages

Fig. 1 Schematic and visual photo of the MA-rXRPD scanner
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Fig. 2 Results obtained with MA-rXRPD. Distribution images obtained with MA-rXRPD showing the scaling parameter for every pixel. Higher scaling
parameters are represented by a brighter colour. The position where the paint fragment for u-XRPD analysis was taken is marked with a red dot

The cross-sectioned sample was analysed with p-XRPD
at beamline P06 (PETRA-III, DESY, DE), a hard X-ray
micro- and nano-probe beamline suited for X-ray pow-
der diffraction imaging experiments on the (sub-)micro-
metric scale. A Kirkpatrick-Baez optical system was used
to focus the 21 keV beam to a diameter of 0.5 um and a
flux of 10'° photons s~'. The sample was mounted on a
plastic frame that could be moved in the XYZ directions.
An EIGER X 4M detector (Dectris Ltd., DE) was used to
collect the diffraction signals. The sample was placed at a
distance of 18 cm in front of the detector, ensuring a suf-
ficiently wide angular range.

The synchrotron diffraction data has been corrected
for attenuation effects and was also processed using
XRDUA.

Results and discussion

Identification of original pigments and restorations

Using MA-rXRPD, several original pigments that Vermeer
used in the upper layer(s) of the stratigraphy have been
identified (Fig. 2). The red pigment vermilion (cinnabar,
HgS) was used extensively in the lips of the Gir/, and, mixed
with lead white, more sparsely in the flesh tones of her face
to create a soft pink colour. Vermeer painted the blue head-
scarf with ultramarine (lazurite), which he also mixed into
the dark yellow paint in her jacket and yellow headscarf. In
the bright blue part on the left side of her headscarf, the
ultramarine was mixed with lead white, which explains the
visible contrast in brightness between the left (lit) and right
(shadow) sides [27]. Lead white, a mixture of hydrocerus-
site (2PbCO;-Pb(OH),) and cerussite (PbCO;), has also
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been used throughout the entirety of the Girls face. In the
bright yellow part of her headscarf, MA-rXRPD detected
lead white while in the darker parts yellow ochre [Goe-
thite, FeO(OH)] is found. Finally chalk (calcite, CaCOs),
together with quartz (SiO,), is mainly present in the dark
background surrounding the Gir/ and in the dark areas of
her headscarf. Previous analyses of cross-sections from
the Girl have revealed that the dark glaze layer in the back-
ground does indeed contain chalk, together with lake pig-
ments (weld and indigo), carbon black and lead white [22].
Because XRPD is restricted to detecting crystalline com-
pounds, the amorphous dyes in the background cannot be
identified. However, these dyes are often precipitated on
an inert metallic binder such as alum (KAIl(SO,),-12H,0),
which can be visualised using MA-rXRPD. Besides original
pigments, several non-original pigments and fill materials
were also identified. These are from the 1994 restoration,
or in some cases earlier treatments [28]. Some damages
in the Girl’s face were filled with a putty containing chalk,
and a small area was restored with goethite (associated
with yellow ochre). Part of the Girl’s lead-white contain-
ing collar and several smaller areas in the Girl’s face have
been retouched with a mixture containing titanium white
(rutile, TiO,) and barite (BaSO,). Finally, three second-
ary alteration compounds were also identified: gypsum
(CaSO,-2H,0), weddellite (CaC,0,-2H,0) and palmierite
(K,Pb(SO,),).

Superficial sensitivity of reflection mode MA-XRPD
(MA-rXRPD)

Macroscopic X-ray powder diffraction imaging allows to
identify, localise and quantify crystalline compounds in a
complex paint matrix. Scanning in reflection mode greatly
increases the sensitivity for (thin) surface layers [20]. The
X-ray beam impinges upon the painting under a small
angle (10°) with the painting surface, resulting in a shallow
probing depth. This sampling depth d varies from 10 um
or less for compounds containing ‘heavy’ elements (Pb) up
until 50 um for compounds consisting of ‘light elements’
(Ca) and was calculated using Eq. 1 for the alteration prod-
ucts encountered with MA-rXRPD in Girl with a Pearl
Earring (Table 1).

In(100)

ds = 1 1
Hp (sin(za—y) + m)

(1)

To illustrate the increased superficial sensitivity of MA-
rXRPD, a small region of the painting was also analysed
in transmission mode, facilitating a direct comparison
between the two modes. In this case a measurement was
taken on the Girl’s nose in both reflection and trans-
mission mode (Fig. 3). Transmission mode MA-XRPD
shows the presence of four compounds: calcite (chalk,
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Table 1 Superficial sensitivity of MA-rXRPD
Compound name Chemical formula Miller 20(°) d(pm)

indices

(hkl)
Palmierite K,Pb(SO,), (10-5) 2842 9
Weddellite CaC,0,-2H,0 (020) 1431 30
Gypsum CasS0O,-2H,0 (021) 2073 28

The infinite thickness dg was calculated for three alteration compounds based
on their most intense reflection hkl, an incident angle y of 10°, the attenuation
cross-section p and the density p, for monochromatic Cu-K,, radiation

CaCO,), hydrocerussite (lead white, 2PbCO;-Pb(OH),),
cerussite (lead white, PbCO;) and wax. Hydrocerussite
and cerussite are both components of the pigment lead
white and together with chalk they constitute the ground
layer [22]. Finally, beeswax was found as well. In 1960
the back of the painting was wax-resin lined using bees-
wax to provide extra support for the original canvas [22].
This clearly demonstrates that transmission mode MA-
XRPD provides information about the bulk (e.g. ground
layer) composition of the painting. Indeed, vermilion
used in the pink flesh tones is not visible in the transmis-
sion data. In reflection mode multiple other crystalline
components appear: palmierite (K,Pb(SO,),) and wedd-
ellite (CaC,0,-2H,0) are two superficial alteration com-
pounds, while vermilion and cerussite-rich lead white are
present in the upper paint layer to provide a pink flesh
tone together with chalk. No information on the ground
layer is obtained, but several superficial pigments and
degradation compounds are revealed instead.

Alteration products in Girl with a Pearl Earring

MA-rXRPD is a useful technique for tracking the for-
mation of secondary reaction products, which are
often formed at (or close to) the surface of the painting.
Three such compounds were identified on the macro-
scopic scale (Fig. 2): gypsum (CaSO,-2H,0), weddellite
(CaC,0,-2H,0) and palmierite (K,Pb(SO,),). To further
investigate the occurrence of each of these compounds a
cross-section extracted from an area on the painting rich
in palmierite was analysed with pu-XRPD (Fig. 4). With
synchrotron p-XRPD analysis, microscopic information
about all of the individual layers of the paint stratigraphy
is obtained, which makes it a highly useful method not
only for verification of the macroscopic data but also for
providing information on layers beneath the surface.

Two secondary lead sulphates were detected with
MA-rXRPD and/or pu-XRPD: palmierite and anglesite
(Fig. 2, 4). Palmierite has previously been identified as
an alteration product in paint fragments from seven-
teenth-century Dutch paintings by Johannes Vermeer,
Jacob Jordaens and Rembrandt, and the authors have also
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Fig. 3 Comparison between transmission and reflection mode MA-XRPD. A spot measurement was performed using transmission- and reflection
mode MA-XRPD on the nose of the Girl. The yellow dot indicates the position where the measurement was performed

identified it in paintings by Jan Steen, Martinus Nellius
and Jan Davidsz de Heem [20, 29-33]. Anglesite has pre-
viously been found on an ancient bronze inkwell and in
paintings by Van Gogh and Memling [34—36].

In Girl with a Pearl Earring, palmierite formed in dark
areas, such as the background and the shadow tones of

the Girl’s face (Fig. 2), and is present in an underlayer
between the upper paint layer and the ground layer
(Fig. 4). The formation of palmierite requires the sup-
ply and migration of three different ions: Pb?*, K* and
SO,>". Figure 5 shows that sulphur (S—-K) and potas-
sium (K-K) are localised in the background of Girl with
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Fig. 4 Results obtained with pu-XRPD. Distribution images obtained with u-XRPD showing the scaling parameter for every pixel. Higher scaling
parameters are represented by a brighter colour
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the Pearl Earring and in several areas of the Girl’s face.
In the facial areas sulphur is mostly associated with the
sulphur-containing pigment vermilion however. The
distribution of potassium looks similar to the palmier-
ite distribution of Fig. 2. In these areas lead is present as
well. It has been proposed that lead ions can be released
from lead white from the ground by a reaction with the
oil binding medium and can easily diffuse into the upper
paint layer(s) [29, 33]. Additionally lead driers can act as
a source of Pb*>" ions [37]. Potassium-containing sources
include pigments such as smalt and green earth as well as
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lake substrates such as alum. Potash alum is a frequently
used substrate for red lakes and was identified by MA-
rXRPD as a minor component in several parts of the
Girl’s face, including her lips, nose and eyes as well as in
the shadow (Fig. 2) [38]. In areas where alum is found,
there is also a significant presence of palmierite, indicat-
ing that potash alum functions here as a source of both
potassium and sulphate ions for the local formation of
palmierite. However, palmierite was also identified in
the background, an area where no red lakes were used
but that is nevertheless rich in potassium (Fig. 5). During

intensities are represented by a brighter pixel

Fig. 5 Results obtained with MA-XRF. Selected distribution images obtained with MA-XRF showing the elemental intensity for every pixel. Higher
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the 1994 restoration and as part of the current research,
the composition of the background was also investigated.
The main colourants of the glaze in the background are
indigo and weld: blue and yellow dyestufts that together
create a translucent green glaze. While indigo requires
no substrate, weld is soluble in oil and therefore needs
to be precipitated on a substrate. For yellow lakes in 17th
century Dutch paintings a substrate of chalk with a lim-
ited amount of alum was often used [22]. The presence
of alum in the upper glaze layer was confirmed by FTIR
analysis and SEM-EDX [22]. With MA-rXRPD, however,
only a limited amount of alum is identified in the back-
ground, which could suggest that most of the alum has
already reacted away to form palmierite. Anglesite on the
other hand was not identified with MA-rXRPD because
its formation is restricted to the ground layer (Fig. 4).

Next to palmierite, also gypsum was identified with
MA-rXRPD. Historically gypsum has been used in
ground layers by Southern European artists, or as an
extender or bulking agent for specific pigments (e.g. orpi-
ment) [39, 40]. The superficial presence of gypsum in
Girl with a Pearl Earring indicates it is likely a secondary
reaction product. There is a very small amount of gyp-
sum present in the ground layer, which consists mostly
of chalk and lead white (Fig. 4). Gypsum has often been
encountered before as a degradation product in black
crusts found on historical buildings and monuments
[41, 42] as well as an alteration product in oil paintings
[20]. Gypsum can also formed as minor by-product in
the manufacturing process of lake pigments on a com-
bined chalk alum substrate [43]. The formation of gyp-
sum requires the presence of both calcium (Ca?") cations
and sulphate (SO,2") anions. Figure 2 shows that gypsum
and calcite have a mostly similar distribution, suggesting
that chalk from the upper glaze layer (or ground layer) is
reacting with sulphate ions, which are supplied by either
an external source, for example atmospheric pollutant
SO,, or an internal source, such as alum.

Weddellite was identified as a fourth secondary altera-
tion product, alongside gypsum, palmierite and anglesite.
Weddellite has been previously encountered as a degra-
dation product on stone sculptures and gilded paintings,
sometimes occurring together with its monohydrated
analogue whewellite (CaC,0,-H,0) [44, 45]. Further-
more, it has been demonstrated that calcium ions have
an extremely high propensity to form oxalate salts over
a wide pH range, explaining their common occurrence
in works of art [46]. Two sources of oxalate ions for the
formation of metal oxalates have been described: bio-
logical/microbial and chemical. The former is especially
relevant for works of art in outdoor conditions, e.g.
sculptures and wall paintings [47]. For indoor easel paint-
ings, the potential for microbial growth is limited, yet
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cases of bacterial colonisation on traditional oil paintings
have been reported [48]. More likely in the case of Girl
with a Pearl Earring, a chemical mechanism is at play in
which organic materials such as varnishes, binders and
dyes release oxalate ions during degradation. Figure 2
shows that weddellite is mostly formed in areas where
palmierite has formed as well and where chalk is pre-
sent. While palmierite requires the presence of the lake
substrate alum, the formation of weddellite appears to
involve the (degradation of the) organic dye itself and/or
the degradation of other organic materials such as bind-
ers and varnishes. As part of degradation, the organic
compounds release oxalate ions which form the stable
calcium oxalate salt by reacting with calcium ions from
either the upper glaze or ground layer. In the background
area indigo, weld or other organic components used in
the translucent green paint are suspected to be responsi-
ble for the supply of oxalate ions.

Conclusions

The ability of MA-XRPD to perform non-invasive, super-
ficial and highly specific chemical imaging was demon-
strated on a 17th century oil painting made by Johannes
Vermeer. Besides the visualisation of a variety of inor-
ganic pigments, several degradation products were iden-
tified. A small amount of gypsum was identified in the
upper glaze layer of the background, likely the result of
chalk reacting with sulphate ions released by internal or
external components. Furthermore, two different lead
sulphates were encountered, anglesite and palmierite.
Anglesite was identified in the ground layer while palm-
ierite was found at the surface in the background and
shadow areas. Palmierite is believed to be the reaction
product of the lake substrate, alum, and migratory Pb(II)
ions. The calcium oxalate weddellite was encountered
in similar areas, indicating that possibly the organic dye
itself is involved in degradation processes.

The information that is obtained about these degra-
dation compounds using MA- and pu-XRPD warrants
further investigation to determine their exact reasons
of formation. Especially the role played by organic
dyes in the formation of weddellite and palmierite in
oil paintings should be examined more closely using
complementary non-invasive imaging techniques capa-
ble of visualising amorphous organic compounds such
as MA-rFTIR or NIR reflectance imaging and by per-
forming accelerated ageing experiments under different
environmental conditions.

The chemical distributions shown in this article high-
light the added value MA-XRPD brings to the field of
cultural heritage for the identification of both inor-
ganic pigments and their secondary reaction products.
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By combining the data from MA-XRPD with pu-XRPD,
superficial information on the macroscopic scale and
stratigraphic details on the microscopic scale are
acquired, providing insight into both the active area
and mechanism of the degradation process. MA-XRPD
can therefore be considered as a highly relevant tech-
nique for the in situ evaluation of degradation phenom-
ena in a work of art, and could help guide restoration
efforts by pinpointing degraded areas suitable for clean-
ing treatments or sampling.

Abbreviations

FTIR: Fourier transform infrared; MA-rFTIR: macroscopic reflection fourier trans-
form infrared; MA-rXRPD: macroscopic reflection X-ray powder diffraction; MA-
XRF: macroscopic X-ray fluorescence; MA-XRPD: macroscopic X-ray powder
diffraction; SEM—EDX: scanning electron microscopy energy dispersive X-ray
spectroscopy; U-XRPD: microscopic X-ray powder diffraction; XANES: X-ray
absorption near edge structure.
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